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Immortalized GnRH neurons (GT1–7) express re-
ceptors for estrogen [estrogen receptor-� and
-�(ER� and ER�)] and progesterone (progesterone
receptor A) and exhibit positive immunostaining for
both intracellular and plasma membrane ERs. Ex-
posure of GT1–7 cells to picomolar estradiol con-
centrations for 5–60 min caused rapid, sustained,
and dose-dependent inhibition of cAMP produc-
tion. In contrast, treatment with nanomolar estra-
diol concentrations for 60 min increased cAMP
production. The inhibitory and stimulatory actions
of estradiol on cAMP formation were abolished
by the ER antagonist, ICI 182,780. The estradiol-
induced inhibition of cAMP production was pre-
vented by treatment with pertussis toxin, consis-

tent with coupling of the plasma membrane ER to
an inhibitory G protein. Coimmunoprecipitation
studies demonstrated an estradiol-regulated stim-
ulatory interaction between ER� and G�i3 that was
prevented by the ER antagonist, ICI 182,780. Expo-
sure of perifused GT1–7 cells and hypothalamic
neurons to picomolar estradiol levels increased the
GnRH peak interval, shortened peak duration, and
increased peak amplitude. These findings indicate
that occupancy of the plasma membrane-associ-
ated ERs expressed in GT1–7 neurons by physio-
logical estradiol levels causes activation of a Gi

protein and modulates cAMP signaling and neu-
ropeptide secretion. (Molecular Endocrinology 17:
1792–1804, 2003)

THE EPISODIC SECRETION of pituitary gonadotro-
pin, which is essential for the maintenance of the

mammalian reproductive cycle and normal gonadal
function, is driven by the periodic release of GnRH
from the hypothalamic GnRH neuronal network (1).
The principal determinants of GnRH neuronal activity
include gonadal steroids, as well as several neuropep-
tides and neurotransmitters (2, 3). 17�-Estradiol (E2)
exerts positive and negative feedback control be-
tween the ovary and hypothalamic GnRH neurons and
has both stimulatory (4, 5) and inhibitory (6) actions on
GnRH biosynthesis and secretion. In GnRH neurons,
estrogen has been reported to both increase and de-
crease gene transcription and GnRH mRNA synthesis
(7–10). In reproductive tissues, many of the receptor-
mediated actions of estrogen are exerted at the nu-
clear level by transcriptional regulation of specific
genes involved in cell metabolism, growth, and differ-
entiation (11).

In addition to its well defined actions in the nucleus,
estrogen has rapid regulatory effects on several
membrane-associated and intracellular responses
that do not depend on changes in gene expression.
These include changes in the electrical properties of
neurons, as well as alterations in neurotransmitter re-
lease (12–14). Furthermore, interactions between es-
trogen and cAMP can enhance the growth of the
mammary gland and breast cancer cells (15), and
cAMP can induce estrogen-like uterine growth re-
sponses (16). These and other findings have impli-
cated G proteins and second messenger systems in
several aspects of estrogen action. Such effects are
distinct from the well defined genomic actions of es-
trogen and are attributable to its interactions with
membrane-bound receptors and other cellular com-
ponents. Such cell-surface receptors for estrogen
were first identified by Pietras and Szego (17), and have
been recently implicated in variety of rapid signaling re-
sponses mediated at the plasma membrane (18). Mem-
brane receptors for estrogen have been observed in the
hypothalamus and other brain regions, including the cor-
tex, hippocampus, and brain stem (19).

The extent to which GnRH neurons are directly re-
sponsive to steroid hormones has been a controversial

Abbreviations: DPBS, Dulbecco’s PBS; E2, 17�-estradiol;
eNOS, endothelial nitric oxide synthase; ER, estrogen recep-
tor; IBMX, 3-isobutyl-1-methylxanthine; P4, progesterone;
PRA, progesterone receptor A; PTX, pertussis toxin; SDS,
sodium dodecyl sulfate.
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issue in reproductive physiology. However, recent re-
ports have demonstrated that �-isoforms of the estro-
gen receptor (ER) are present in native GnRH neurons
(20). In this study, the expression, binding properties,
location, and actions of endogenous ERs were ana-
lyzed in immortalized GnRH neurons and cultured rat
hypothalamic cells. These cells were found to express
plasma membrane as well as nuclear ERs, and to
respond to physiological concentrations of E2 with a
Gi-mediated decrease in cAMP production and mod-
ulation of the episodic mode of GnRH release.

RESULTS

Expression of ERs and Progesterone Receptors
in Cultured Hypothalamic Cells and
GT1–7 Neurons

In RT-PCR studies, the expected fragment sizes of
555 bp for ER� and 435 bp for ER� were amplified
from RNA isolated from hypothalamic cells, GT1–7
neurons, and pregnant rat uterus. Specific ER� mRNA
transcripts were detected in both GT1–7 neurons and
hypothalamic cells cultured in the presence (Fig. 1A,
lanes b and d) or absence of fetal bovine serum in the
culture medium (Fig. 1A, lanes c and e). ER� mRNA
products were also expressed in GT1–7 neurons cul-
tured in fetal bovine serum-containing medium (Fig.
1B, lane b) and in GT1–7 neurons and hypothalamic
cells cultured in serum-free medium (Fig. 1B, lanes d
and e, respectively). Positive ER� mRNA products
were detected in rat uterus (Fig. 1A, lane g). There was
no amplification of specific products from RNA iso-
lated from the optic nerve (Fig. 1A and 1B, lane f). A
specific amplified product of 341 bp for the proges-
terone A receptor (PRA) was also derived from cul-
tured GT1–7 neurons (Fig. 1C, lane b) cultured with
and without fetal bovine serum (lane c) and hypotha-
lamic cells (Fig. 1C, lane d). As expected, positive PRA
mRNA products were detected in the rat uterus (Fig.
1C, lane g). There was no amplification of specific
products from RNA isolated from the optic nerve (Fig.
1C, lane f). In each case, DNA sequencing of the
purified bands confirmed the authenticity of these am-
plified fragments. The nucleotide sequences matched
the published sequences for ER�, ER�, and PRA (data
not shown).

Western blot analysis of subcellular fractions of
GT1–7 neurons cultured in serum- and phenol red-free
medium with specific antibody to ER� (NCL-ER-6F11)
revealed expression of ER� in the nuclear fraction (Fig.
1D, lane 1), cytosolic fraction (Fig. 1D, lane 5) and
membrane fraction (Fig. 1E, lane 9). During both short-
term (5 min) and prolonged (6 h and 24 h) treatment
with 1.7 nM E2, immunoreactive ER� increased 16% �
3.4, 18% � 4.1, 22% � 5.3 in the nuclear fraction (Fig.
1D, lanes 2, 3, and 4, respectively), decreased 10% �
2.4, 14% � 1.9, 18% � 2.8 in the cytosolic fraction
(Fig. 1D lanes 6, 7, and 8, respectively), and remained

unchanged in the membrane fraction (Fig. 1E, lanes
10, 11, and 12, respectively). Molecular markers are
labeled as M, and a negative control without ER� is
labeled as D.

Saturation binding studies with [3H]E2 in immortal-
ized GnRH neurons in situ revealed a single high-
affinity binding site with dissociation constant (Kd) of
244 � 32 pM and Bmax of 64 � 3.5 fmol/mg protein
(Fig. 1, F and G). Cultured hypothalamic cells also
expressed a single high-affinity binding site with Kd of
146 � 39 pM and Bmax of 1.3 � 0.1 fmol/mg protein
(n � 3, not shown). In addition, a single class of high-
affinity E2 binding sites was detected in membrane
fractions of immortalized GnRH neurons using 125I-
labeled E2. Binding parameters were comparable to
these of binding to intact cells with Kd of 333 � 46 pM

and Bmax of 55 � 8.5 pmol/mg protein (Fig. 1, H and I).

Immunocytochemical Characterization of Nuclear
and Membrane-Localized ER� and ER�

Characteristic nuclear fluorescence for ER� was
present in fixed and permeabilized GT1–7 neurons
treated with the H-222 antibody (Fig. 2A). The neuronal
processes exhibited granular fluorescence throughout
their length and in their terminals (Fig. 2A, arrows). No
fluorescence emission was detected when primary an-
tibody (H-222) was pretreated with blocking peptide or
substituted with normal rabbit serum (Fig. 2, B and C).
Positive ER� immunostaining was also observed in
permeabilized GT1–7 neurons with another ER�
monoclonal antibody (NCL-ER-6F11) and was distrib-
uted in the nucleus, cytosolic compartment, and mem-
brane (Fig. 2D, brown precipitate). Application of goat
antimouse IgG (Fab) secondary antibody, which re-
duces background staining, also revealed positive
ER� immunostaining in permeabilized GT1–7 neurons
(Fig. 2E). No immunofluorescence was detectable with
ER� antibody pretreated with blocking peptide or in
the absence of the first antibody (data not shown).

The expression of ER�, as revealed by indirect im-
munofluorescence, was evident on neuronal bodies as
well as the connecting processes (arrow) of perme-
abilized GT1–7 neurons (Fig. 3A). On confocal micros-
copy, individual laser sections of the same cell showed
widespread distribution of ER� in the cytosol and pro-
cesses (Fig. 3B, arrows), as well as in the nucleus (Fig.
3C). No staining was observed in the absence of the
first antibody and preincubation with blocking peptide
(data not shown).

Differentiated GT1–7 neurons cultured on poly-L-
lysine-coated coverslips formed interconnected neu-
ronal network that closely resembled the morphology
and connections that are characteristic of hypotha-
lamic GnRH neurons in culture. No immunostaining
was detectable with preadsorbed ER� antibody and
control serum (Fig. 4A). In differentiated nonpermeabi-
lized GT1–7 cells treated with ER�, monoclonal anti-
body (H-222 antibody) showed positive immunostain-
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ing for ER� on the plasma membrane (Fig. 4B).
Positive ER� immunostaining was also observed in
nonpermeabilized GT1–7 neurons with another ER�
monoclonal antibody (NCL-ER-6F11) and was local-
ized on the plasma membrane (Fig. 4C, red precipi-
tate). Membrane-associated ER� staining was also
observed in nonpermeabilized GT1–7 neurons ana-
lyzed by confocal microscopy (Fig. 4D).

Coupling of ER to the Adenylyl Cyclase
Signaling Pathway

Short-term exposure (5 min) of cultured hypothalamic
cells and GT1–7 neurons to E2 concentrations from 2
pM to 100 pM caused a significant decrease in cAMP
production, and this was prevented by prior treatment
with the competitive ER antagonist, ICI 182,780.

Fig. 1. Expression and Binding Properties of ERs Progesterone Receptors in Cultured Hypothalamic Cells and GT1–7 Neurons
A–C: RT-PCR analysis of ER� (A), ER� (B), and PRA (C) expression. a, Control in the absence of cDNA; b and c, RNA from

GT1–7 cells cultured in serum-containing and serum-free medium, respectively; d and e, RNA from hypothalamic cells cultured
in serum-containing and serum-free medium; f, Negative control, RNA from optic nerves; g, positive control, rat uterus. D, Western
blots of ER� in GT-1 cell nuclei and cytosol (left, lanes 1 and 5, and during treatment with 1.7 nM E2 for 5 min (lanes 2 and 6),
6 h (lanes 3 and 7), and 24 h (lanes 4 and 8). Western blots of ER� plasma membrane and cytosol (lanes 9 and 5) and during
treatment with 1.7 nM E2 for 5 min (lanes 10 and 6), 6 h (lanes 11 and 7), and 24 h (lanes 12 and 8). Lane M is molecular weight
marker and lane D is control in absence of ER� protein. F–I, Saturation binding studies and Scatchard analysis of estrogen binding
sites in GT1–7 cells (F and G) and membrane fragments thereof (H and I).

1794 Mol Endocrinol, September 2003, 17(9):1792–1804 Navarro et al. • Membrane ERs in Immortalized GnRH Neurons



Treatment of cultured hypothalamic cells and GT1–7
neurons with ICI 182,780 alone had no effect on cAMP
production (Fig. 5, A and B). A similar rapid (5 min)
inhibitory effect on cAMP production was observed
when GT1–7 neurons were treated with BSA-conju-
gated E2 (Fig. 5C), consistent with membrane-medi-
ated regulation of the adenylate cyclase response.
Prolonged treatment (1 h) of both hypothalamic cells
and GT1–7 neurons with increasing E2 concentrations
likewise caused inhibition of cAMP production in the
picomolar range, with an increase at low nanomolar E2

concentrations and a decrease to below the control
level with high nanomolar E2 concentrations (Fig. 5, D
and E), respectively. Such biphasic dose-dependent
cAMP responses to E2 were also evident after 24 h and
were inhibited by pretreatment with the ER antagonist,
ICI 182,780 (data not shown). In static cultures of
GT1–7 neurons, GnRH secretion paralleled the
changes in cAMP production. Treatment with picomo-
lar E2 concentrations (1 h) inhibited GnRH secretion.
However, treatment with nanomolar E2 concentrations
for 1 h stimulated GnRH secretion (Fig. 5F).

Biphasic actions of E2 on adenylyl cyclase activity
were also demonstrable in membrane preparations
from GT1–7 neurons. Inhibition of cAMP production in
the particulate fraction was maximal at 100 pM E2 (1 h

treatment), as observed in intact GT1–7 cells, but did
not occur at 10 nM E2 (Fig. 5G). As observed in intact
GnRH neurons, pretreatment for 2 h with pertussis
toxin (PTX) prevented the E2-induced fall in cAMP
production, again indicating that adenylyl cyclase-
inhibitory Gi/o proteins are involved in the E2-induced
inhibition of cAMP production (Fig. 5, H and I).

Interaction Between ER and Adenylyl Cyclase-
Inhibitory G Protein

Potential interactions between plasma membrane ER�
and G�i proteins were evaluated in coimmunoprecipi-
tation studies using GT1–7 neurons. Immunoprecipi-
tation was performed with ER� antibody on solubilized
membrane fractions from control cells and cells
treated with 100 pM E2, or with E2 in the presence of ICI
182,780. In membrane extracts from untreated cells,
G�i3 coimmunoprecipitated with the ER�. Interest-
ingly, the amount of G�i3 associated with ER� was
progressively reduced after 5 min and 30 min expo-
sure to 100 pM E2 (Fig. 6) and returned toward the
control level after 120 min (Fig. 6). Pretreatment of
GT1–7 neurons with the ER antagonist ICI 182,780 (30
min, 170 pM) prevented the E2-induced decrease in
membrane-associated G�i3 immunoreactivity, indicat-
ing that activated ERs are required for the decrease in
membrane-associated G�i3 immunoreactivity. In fact,

Fig. 2. Immunofluorescence Staining of ER� in GT1–7
Neurons

A, Localization of ER� in the nucleus and neuronal pro-
cesses (arrows) of a permeabilized GT1–7 neuron. B and C,
Lack of fluorescent staining in cells pretreated with blocking
peptide or normal rabbit serum. Demonstration of ER� im-
munostaining (brown immunoprecipitate) with NCL-ER-6F11
monoclonal antibody. C, Blue immunostaining for ER� with a
goat antimouse IgG (Fab).

Fig. 3. Immunofluorescence Staining of ER� in GT1–7
Neurons

A, Presence of ER� in the neural bodies and processes
(arrow) of GT1–7 neurons. B, Confocal analysis showing
granular cytoplasmic localization of ER� in the cytoplasm and
neuronal processes of GT1–7 cells. C, Nuclear staining for
ER� in another section of the same cell.
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prolonged treatment with the antagonist cause a sig-
nificant increase in the amount of membrane-associ-
ated G�i3.

Regulation of GnRH Secretion by Estrogen and
Progesterone in Cultured Hypothalamic Cells and
GT1–7 Neurons

Static cultures of GT1–7 neurons and hypothalamic
cells were exposed to E2 and progesterone (P4) con-
centrations similar to those of the rat estrous cycle.
Under follicular phase conditions, cells were treated
daily for 4 d (duration of rat estrous cycle) with E2

concentrations of 2 pM and 0.5 nM for serum-free and
serum-containing medium, respectively. The samples
for GnRH measurement were taken between 1700 and
1800 h on the day corresponding to the in vitro
proestrous phase, and released GnRH was similar to
that of untreated control cells (Fig. 7). Treatment with
follicular phase concentrations of progesterone (2 nM

in serum-free and 500 nM in serum-containing me-
dium) in the same protocol as for follicular E2 treatment

had no effect on GnRH release, nor did combined
treatment with follicular phase concentrations of E2

and P4 (Fig. 7). During cyclic treatment, cells were
exposed to follicular phase concentrations of E2 (2 pM)
and P4 (2 nM) for 24 h, then for 24 h with diestrous I
concentrations (E2, 6 pM; and P4, 7 nM), followed by
24 h treatment with diestrous II concentrations (E2, 11
pM; and P4, 2 nM). Simulation of the preovulatory stage
of the estrous cycle, by timed increases in E2 concen-
trations (17 pM) and P4 (20 nM), significantly increased
GnRH release from both hypothalamic cells and
GT1–7 neurons, analogous to the preovulatory surge
of GnRH in vivo (Fig. 7, panel A, 6.3 � 0.3 pg/ml,
control vs. 9.5 � 0.3, n � 3, P � 0.01 pg/ml, cyclic
treatment and panel C, 14.4 � 1.2 pg/ml, control vs.
37.2 � 2.5 pg/ml cyclic treatment, n � 3, P � 0.01). A
doubling of GnRH release was also observed in cul-
tures treated with the higher preovulatory concentra-
tions of E2 and P4 that are required during treatment in
serum-containing medium (Fig. 7, panel B, 9.4 � 1.47
pg/ml, control vs. 17.8 � 0.4, n � 3, P � 0.01 pg/ml,
cyclic treatment; and panel D, 17.4 � 0.8 pg/ml,
control vs. 44.0 � 8.1 pg/ml cyclic treatment, n � 3,
P � 0.01).

Effects of Estrogen and Progesterone on GnRH
Release from Perifused Cells

Dynamic changes in GnRH release during steroid
treatment were evaluated in perifused hypothalamic
cells and GT1–7 neurons cultured in serum-free me-
dium with added steroids at the concentrations of free
estrogen and progesterone found at specific stages of
the estrous cycle (Fig. 8). In comparison to control
hypothalamic cultures, the cultures treated with an
ovulatory level of 17 pM E2 showed a significant in-
crease in GnRH pulse amplitude and a decrease in
pulse frequency. Pulse amplitude rose from 22.2 � 1.7
pg/ml in controls to 60.1 � 9.1 pg/ml (n � 4; P � 0.01)
in 17 pM E2-treated cells. The mean peak interval in-
creased from 36.3 � 6.4 min to 90 � 16.2 min, and
pulse duration decreased from 9.4 � 1.7 min to 5.6 �
1.2 min (n � 4; P � 0.05) (Fig. 8, A and B). Immortalized
GnRH-producing neurons also exhibited episodic
GnRH release with peak amplitude of 52.3 � 1.2 pg/
ml, interpeak interval of 46.3 � 7.2, and peak duration
of 15.4 � 3.3 min (Fig. 8C). Treatment of GT1–7 neu-
rons for 24 h with ovulatory E2 levels (17 pM) increased
the GnRH peak interval from 46.3 � 7.2 min in control
cells to 90.0 � 8.16 min (P � 0.01; n � 4). It also
shortened peak duration from 15.4 � 2.3 min to 5.7 �
1.1 and increased peak amplitude from 52.3 � 1.2
pg/ml to 118.3 � 2.9 pg/ml (P � 0.01; n � 4) (Fig. 8D).
An increase in peak amplitude to 79.7 � 3.1 pg/ml
(P � 0.01 vs. 52.3 � 1.2 pg/ml, control) also occurred
after treatment of GT1–7 cells with ovulatory phase P4

concentrations (Fig. 8E). Combined treatment of
GT1–7 cells with ovulatory phase E2 and P4 concen-
trations caused a further increase in peak amplitude,
from 52.3 � 1.2 pg/ml in control cells to 98.3 � 3.9

Fig. 4. Membrane Localization of ER� and ER� in GT1–7
Cells

A, Control immunostaining of GT1–7 neurons with antigen
preadsorbed H-222 antibody. B, Positive immunostaining
(blue) for ER� at the plasma membrane of intact GT1–7
neurons and neuronal processes (arrows). C, Membrane im-
munostaining of ER� in a nonpermeabilized GT1–7 neuron
with specific monoclonal antibody (NCL-ER-6F11). D, Con-
focal section showing plasma membrane immunostaining for
ER� in a nonpermeabilized GT1–7 neuron.
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pg/ml and peak duration from 15.4 � 2.3 min to 22.5 �
2.1 min in steroid-treated cells (P � 0.01; n � 4)
(Fig. 8F).

DISCUSSION

Pulsatile GnRH release is an intrinsic property of the
GnRH neuron and is modulated by neurotransmitters,
pituitary hormones, and gonadal steroids. These in-
puts impinge on the GnRH neuronal network at the
hypothalamic level, where E2 exerts both stimulatory
and inhibitory actions on GnRH release. ERs are ex-
pressed in several hypothalamic cell types, including
galanin-containing, �-aminobutyric acid, and soma-
tostatin neurons (21, 22). However, despite its prom-
inent role in the regulation of GnRH secretion, the
ability of estrogen to exert receptor-mediated actions

directly on the GnRH neuron has only recently been
demonstrated.

The inability of earlier studies to detect ERs in
hypothalamic GnRH neurons suggested that E2 ex-
erts indirect actions on the GnRH neuronal network
(reviewed in Ref. 20). However, several recent re-
ports have demonstrated that ERs are expressed in
both hypothalamic GnRH neurons and their immortal-
ized counterparts, GT1 cells (23–28). Studies using in situ
hybridization of identified GnRH neurons in the female rat
hypothalamus, cultured nasal explants, and immortal-
ized GnRH neurons revealed expression only of ER� (29,
30). However, we found that cultured rat fetal hypotha-
lamic cells and GT1–7 neurons expressed mRNAs en-
coding both ER� and ER�, as well as the PRA and
high-affinity estrogen-binding sites.

Immunostaining with the H-222 and NCL-ER-6F11
monoclonal antibodies also revealed ER� expression

Fig. 5. Time- and Dose-Dependent Effects of E2 on cAMP Production
Exposure to E2 for 5 min consistently reduced cAMP production in both hypothalamic cells (A) and in GT1–7 neurons (B). These

inhibitory effects of E2 were prevented by pretreatment with the specific ER antagonist, ICI 182,780 (solid circles). In GT1–7 cells,
inhibition of cAMP production was also evident after 5 min incubation with BSA-conjugated E2 (C). E2 treatment of both
hypothalamic cells (D) and GT1–7 neurons (E) for 60 min caused inhibition at picomolar levels, with an increase at nanomolar
concentrations and a further decrease at higher levels. A correlation between cAMP production and GnRH secretion was
observed in GT1–7 neurons treated with E2 for 6 h in static culture (F). Inhibitory action of E2 on adenylyl cyclase activity in
membrane fraction of GT1–7 neurons (G). The inhibitory effect of E2 on cAMP production was abolished by prior treatment with
PTX in both hypothalamic cells (H) and GT1–7 neurons (I). A single asterisk indicates significant difference compared to the
control. Double asterisk indicates significant difference between control and treated group.
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in GT1–7 neurons. In addition to immunostaining in the
nucleus, membrane-associated ERs were evident in
nonpermeabilized immortalized GnRH neurons. Such
receptors have not previously been observed in GnRH
neurons, and presumably mediate the rapid non-
genomic action of estradiol in these cells. Membrane-
localized ER sites were previously found in immortal-
ized pituitary lactotrophs (GH3/B6 cells) (31) and
endothelial cells (32). Also, studies in cultured hip-
pocampal neurons (33) have shown ER� immuno-
staining in close proximity to the plasma membrane,
consistent with reports of several rapid estrogen-
induced responses in neuronal cells. The plasma
membrane ERs identified in the present report include
both ER� and ER� isoforms and mediate low-dose
inhibitory actions and high-dose stimulatory effects on
adenylyl cyclase activity in GnRH neuronal cells. Al-
though the effects of E2 on GnRH neuronal function
are predominantly inhibitory, rapid stimulatory effects
of estrogen on neurosecretion have been observed in
GnRH neuronal terminals (34, 35).

The ability of E2 to exert rapid inhibitory actions on
hypothalamic neurons has been recognized for more
than 25 yr (36). Such responses have been attributed

to hyperpolarization due to the opening of an inwardly
rectifying K� channel in the plasma membrane of the
GnRH neuron, as well as in amygdala and preoptic
neurons (37, 38). Also, nanomolar E2 concentrations
were found to activate cAMP signaling in hippocampal
neurons (39) and hypothalamic neurons (40).

In our studies, agonist activation of ERs expressed
in immortalized GnRH neurons had bidirectional time-
and dose-dependent effects on cAMP production. In-
hibition of cAMP production by picomolar E2 concen-
trations was observed as early as 5 min after receptor
activation and persisted for up to 24 h. The ER spec-
ificity of this inhibitory action of E2 was indicated by its
prevention by the competitive ER antagonist, ICI
182,780. The ability of E2 to inhibit cAMP production in
the high-speed particulate fraction of GT1–7 neurons
indicates that membrane-associated ERs regulate ad-
enylyl cyclase, and that this response does not require
the participation of nuclear E2 receptors. The preven-
tion of such E2-induced inhibition of cAMP production
by prior treatment with PTX is consistent with its de-
pendence on adenylyl cyclase-inhibitory G protein(s)
during agonist activation of the membrane-associated
ER. The converse effect, of stimulation of cAMP pro-
duction by suprananomolar E2 concentrations, sug-
gests that membrane-associated ER in GnRH neurons
can also couple to adenylyl cyclase-stimulatory Gs

proteins when activated by high agonist concentra-
tions. These findings indicate that membrane-associ-
ated ERs undergo dose-dependent coupling to adeny-
lyl cyclase-inhibitory and -stimulatory G proteins in
GnRH neurons. Membrane-localized ER have also
been observed in the brain (41) and in ER-transfected
COS-7 cells (42). Such receptors have been reported
to mediate rapid nongenomic actions of estradiol on
both calcium (43) and cAMP signaling pathways (15),
and to modulate the conductance of kainate receptors
(44, 45).

The observed decreases in ER�-associated G�i3

during E2 treatment, and the increases therein during
E2 antagonist treatment, are consistent with ER-
mediated activation and dissociation of inhibitory Gi

protein(s) in GT1–7 neurons. These changes are anal-
ogous to the prominent decreases in membrane-as-
sociated G� subunits that occur during agonist acti-
vation of G protein-coupled receptors, including the
GnRH receptor (46, 47). Furthermore, the loss of E2-
induced inhibition of cAMP production during PTX
treatment confirms that this effect results from cou-
pling of the activated ER to Gi protein(s). The rapid
Gi-mediated action of E2 on adenylyl cyclase in GT1–7
cells could contribute to its inhibitory effects on GnRH
secretion in static and dynamic studies. However, it is
likely that Gi-dependent processes other than adenylyl
cyclase are involved in regulation of pulsatile GnRH
release, as indicated by the studies of Kelly and col-
leagues (48). Previous studies by Mores et al. (49) have
demonstrated marked suppression of GnRH secretion
during activation of LH receptors in perifused GT1–7
cells. This effect was found to be mediated by a Gi-

Fig. 6. Estrogen-Induced Regulation of G�i3 in GT1–7 Cell
Membranes

Cells were treated with 100 pM E2 for 5 min, 30 min, and
120 min, and then membranes were isolated and solubilized
before immunoprecipitation with ER� antibody and Western
blot analysis. Treatment with 100 pM E2 significantly de-
creased ER�-associated G�i3 immunoreactivity (open bars,
P � 0.05, n � 4). Pretreatment of GT1–7 neurons with ICI
182,780 prevented the inhibitory action of E2, and during
prolonged treatment caused a significant increase in ER�-
associated G�i3 immunoreactivity (solid bars, P � 0.05, n �
4). The blots shown are representative of four independent
experiments and are quantified below. Asterisks indicate sig-
nificant differences from the control.
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dependent process, possibly inhibition of plasma-
membrane ion channel activity, and was not related to
changes in cAMP production.

It is of interest that similar decreases in G�i3 have
been observed in rat pituitary cells and hypothalamic
tissue after estrogen administration in vivo. In studies
by Livingston et al. (50), G�i3 was substantially re-
duced in pituitary lactotropes after 10 d of treatment
with E2, whereas G�s was unchanged. In another re-
port, 2 d of treatment with estradiol benzoate reduced
G�z, G�i1, and G�i3 levels in the hypothalamus (51). The
extent to which such estrogen-induced reductions in
G�i3 subunit levels in vivo are related to altered gene
expression has yet to be determined. However, they
may also reflect the agonist-induced down-regulation
of the G protein �-subunit that we observed during
short-term treatment with estradiol in vitro.

Observations in several nonneural cell types have
identified Gi-mediated actions of E2 on cytoplasmic
Ca2� levels and activation of MAPK (52, 53), as well as
transactivation of the epidermal growth factor receptor
(54) and activation of endothelial nitric oxide synthase
(eNOS) in MCF-7 breast cancer cells (53). Studies on

immortalized ovine endothelial cells also showed cou-
pling of plasma-membrane ER to eNOS through Gi,
and an E2-regulated interaction between ER� and G�i

was observed in cells transfected with the two pro-
teins (55). In mouse IC-21 macrophages, a PTX-
sensitive E2-induced rise in Ca2� was mediated by
sequesterable receptors that were proposed to be
novel G protein-coupled receptor-related ERs (56). In
endothelial cells, a subpopulation of ERs appears to
be localized to caveolae and to be coupled via G�i to
eNOS as a functional signaling module (57).

In the rat, circulating E2 levels are low during the
follicular phase and gradually increase during its pro-
gression, whereas progesterone shows a transient in-
crease in the afternoon of diestrous 1. A surge of
estrogen precedes the progesterone peak during the
ovulatory phase and gradually decreases during the
luteal phase. These changes are associated with cy-
clical variations in GnRH release from the hypothala-
mus, and of LH and FSH from the pituitary gland,
during the estrous cycle (58). We observed that estro-
gen and progesterone concentrations that mimicked
these of the follicular phase had no significant effect

Fig. 7. GnRH Production by Cultured Hypothalamic Cells and Immortalized GnRH Neurons Treated with E2 and P4 Concentra-
tions Similar to Those of the Rat Estrous Cycle

Studies were performed in the absence (A and B) and presence (C and D) of fetal bovine serum in the culture medium. Data
are average of three independent experiments of six replicates per treatment. Asterisks indicate significant increases (P � 0.01)
in GnRH release.
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on neuropeptide secretion. However, GnRH release
from cultured GnRH neurons was doubled by steroid
concentrations that occur during the afternoon of the
proestrous phase of the cycle. The modest increase in
GnRH release during cyclic steroid treatment could
reflect the lack of endogenous afferent inputs on
GnRH neurons in cultured hypothalamic cells and
GT1–7 cells. These results indicate that cyclic treat-
ment of cultured GnRH neurons with gonadal steroids
mimics the in vivo pattern of GnRH release and rep-
resents a model for studying their direct actions on
GnRH release. Our in vitro studies are consistent with
the existing evidence that E2 and progesterone act
directly at the hypothalamic level to regulate the ac-
tivity of the neurons that comprise the GnRH pulse
generator. They also show that GnRH-producing neu-
rons can directly sense the steroid hormone patterns
that occur in vivo in generating the pattern of GnRH
secretion throughout the estrous cycle.

Pulsatile GnRH secretion is observed in GT1–7 neu-
rons as well as in cultured hypothalamic cells and
provides a model for studies on the regulation of
GnRH secretion (59–62). Treatment with free plasma

E2 concentrations typical of the ovulatory phase of the
rat estrous cycle increased the GnRH peak interval,
shortened peak duration, and increased peak ampli-
tude. Cultured hypothalamic cells showed a more
prominent increase in pulse amplitude, with a closely
similar secretory profile. In GT1–7 neurons, exposure
to ovulatory progesterone concentrations increased
both peak amplitude and peak duration. Combined
treatment of GT1–7 neurons with ovulatory phase E2

and P4 concentrations caused regular and prominent
pulses with an increase in peak amplitude and a de-
crease in pulse frequency. Our analysis of the dynam-
ics of GnRH release in vitro demonstrates that ovula-
tory concentrations of E2 rapidly increase GnRH pulse
amplitude, while progesterone increased both pulse
parameters. Furthermore, treatment of GnRH-produc-
ing neurons with ovulatory concentrations of E2 and
progesterone elicited the highest rate of GnRH release
as manifested by regular and prominent peaks of neu-
ropeptide secretion.

In summary, the ability of cultured hypothalamic
cells and immortalized GnRH neurons to respond to
physiological E2 concentrations through activation of a
Gi-coupled plasma membrane receptor illustrates an
additional and significant aspect of the regulatory ac-
tion of gonadal steroids on the GnRH pulse generator.
Among the many recently recognized examples of
rapid steroid-mediated responses that have confirmed
the original concept of Pietras and Szego (17), this
process is notable for its high sensitivity to circulating
E2 concentrations and its relevance to a fundamental
property of the GnRH neuron. In addition to its role in
the regulation of GnRH secretion, estrogen-regulated
activation of Gi-dependent responses could account
for a variety of signaling pathways mediated by G
protein �i- and ��-subunits in this and other neuronal
systems.

MATERIALS AND METHODS

Tissue and Cell Culture

Hypothalamic tissue removed from fetuses of 17-d pregnant
Sprague Dawley rats was subjected to enzymatic dispersion,
and the cells were cultured in a 1:1 mixture of DMEM and F12
medium supplemented with 10% heat-inactivated fetal bo-
vine serum. Immortalized GnRH neurons (GT1–7 cells) pro-
vided by Dr. R. I. Weiner (University of California at San
Francisco) were cultured under the same conditions as pri-
mary hypothalamic cells.

Expression of ERs and PRs in Cultured Hypothalamic
Cells and GT1–7 Neurons

Total RNA was extracted from fetal hypothalamic and GT1–7
cells, optic nerves, and uteri of 18-d pregnant rats. For ER�,
primers were based on the published sequence (63); sense:
5�-GGCCAAGCCCTCTTGTGATTAAG-3� (23 bp); and anti-
sense: 5�-CGGTGGATGTGGTCCTTCTCTTCCAG-3� (26 bp).
For ER�, primers were based on the published sequence
(64); sense: 5�-GGATGAGGGGAAGTGCGTAGAA-3� (22 bp);

Fig. 8. Pulsatile Release of GnRH from Cultured Hypotha-
lamic Cells (A) and GT1–7 Neurons (C) Perifused with Serum-
Free Medium

Treatment with 17 pM E2 caused a significant reduction in
pulse frequency and increased pulse amplitude in both hy-
pothalamic cells (B) and GT1–7 neurons (D). Treatment of
GT1–7 neurons with 20 nM P4 caused an increase in pulse
amplitude only (E). Combined treatment with E2 (17 pM) and
P4 (20 nM) caused less frequent but more prominent episodes
of GnRH secretion induced by E2 alone (F). Representative
traces of four independent experiments are shown, and de-
tected GnRH pulses are indicated by an asterisk.
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and antisense: 5�-CCCGAGATTGAGGACTTGTAC-3� (21 bp).
For PRA, primers were based on the published sequence of
the rat PR (65); sense: 5�-AAGGTCGGCGACCAGTCCGG-
GACA-3� (24 bp); and antisense: 5�-TTGCTCCAAGGAGAC-
CCTAGGAGC-3� (24 bp). The PCR products were amplified
for 30 cycles and then analyzed using 2% agarose gel elec-
trophoresis and visualized by staining with ethidium bromide.
The identities of the amplified DNA products were confirmed
by gel purification (QIAGEN, Chatsworth, CA) and DNA
sequencing.

Characterization of Estrogen-Binding Sites in Cultured
Hypothalamic Cells and GT1–7 Neurons

Saturation binding studies of [3H]E2 to hypothalamic cells and
GT1–7 cells were performed as previously described (23).
Briefly, cells were cultured in 24-well plates at a density of
2 � 106 or 5 � 105 cells per well for primary hypothalamic and
GT1–7 cells, respectively. The hypothalamic cells were cul-
tured for 14 d and the GT1–7 neurons were cultured for 2 d
in 1:1 DMEM/F12 medium supplemented with heat-inacti-
vated fetal bovine serum. Twenty-four hours before binding
assays, the medium was replaced by serum- and phenol red
free-medium 1:1 DMEM/F12. Cells were exposed to increas-
ing concentrations of [3H]E2 for 1 h at 37 C in serum- and
phenol red free-medium containing 0.5% BSA and 1 �M

triamcinolone acetonide to block progestin and corticoid re-
ceptors. Nonspecific binding was assessed in the presence
of 1 �M E2. After three washes with Dulbecco’s PBS (DPBS),
cells were collected by trypsinization, and bound radioactivity
was determined in a �-spectrometer. 125I-labeled E2 was
used for saturation binding studies in the membrane fraction.
Membranes were exposed to increasing concentrations of
[125I]E2 for 1 h at 37 C in serum- and phenol red-free medium
containing 0.5% BSA and 1 �M triamcinolone acetonide to
block progestin and corticoid receptors. Nonspecific binding
was assessed in the presence of 1 �M E2. Bound and free
ligand was separated by centrifugation at 4 C for 15 min at
5000 � g. Scatchard analysis was used to characterize the
binding properties of ERs in saturation binding studies with
radiolabeled E2.

Subcellular Fractionalization of GT1–7 Cells

GT1–7 cells were plated at a density of 5 � 106 cells in
100-mm dishes and cultured in 1:1 mixture of DMEM/F12 in
the presence of heat-inactivated fetal bovine serum. After 2 d,
the medium was replaced by serum and phenol red-free
medium for a further 24 h before E2 treatment. Control and
E2-treated cells were washed twice with cold PBS, scraped
from the culture dishes in buffer A (50 mM triethanolamine
HCl; 25 mM KCl; 5 mM MgCl2; 0.5 mM dithiothreitol; 10 �M

each aprotinin and leupeptin; pH 7.5) in the presence of
sterile 0.25 M sucrose, and kept at �70 C. The cells were
lysed by nitrogen cavitation at 800 pounds per square inch for
3 min, and the lysate was centrifuged at 500 � g for 5 min at
4 C to remove tissue debris (first pellet). The first supernatant
was then centrifuged at 2,000 � g for 15 min at 4 C. The
second pellet was saved, and the second supernatant was
further centrifuged at 100,000 � g for 1 h at 4 C. The third
supernatant was taken as cytosol and the third pellet as the
membrane fraction, which was extracted by resuspension in
buffer A containing 0.5% (wt/vol) Genapol C-100 and incu-
bating on a rocker at 4 C for 2 h. The second pellet was
resuspended in 1 ml of buffer A and mixed with 2 ml of buffer
B (buffer A containing 2.3 M sucrose). The mixture was care-
fully loaded on top of 1 ml of buffer B, and the nuclei were
pelleted by centrifugation at 12,400 � g for 1 h at 4 C. The
pellet was washed once with buffer A containing 0.25 M

sucrose and labeled as nuclear extract (66). The reconsti-
tuted fractions were aliquoted and their protein concentra-

tions were determined before Western blot analysis was
performed.

Immunoblot Analysis of ER�

Sodium dodecyl sulfate (SDS)-gel electrophoresis was per-
formed on 8–16% acrylamide gels loaded with 30 �g of
protein for each subcellular fraction, followed by blotting to
polyvinylidine difluoride membranes (0.45 �m pore size) and
treatment with a 1:100 dilution of mouse monoclonal anti-
body to ER� (NCL-ER-6F11, NOVO CASTRA Laboratories).
This antibody was raised against a prokaryotic recombinant
protein corresponding to the full length of ER� molecule.
After exposure to peroxidase-coupled goat-antimouse IgG
(H�L) and washing, immunoreactive ER were visualized by
chemiluminescence.

Coimmunoprecipitation of ER� and G�i3

Immortalized GnRH neurons were treated with 100 pM E2 for
5, 30, and 120 min. Immediately after treatment, cells were
rinsed with ice-cold PBS, scraped from the culture dishes
with triethanolamine buffer, pH 7.5 (50 mM triethanolamine,
25 mM KCL, 5 mM MgCl2) with 0.25 M sucrose, 10 �M apro-
tinin, and leupeptin, and frozen at �70 C. Immunoprecipita-
tion buffer (0.1 mM EDTA in Ca2�- and Mg2�-free PBS, pH
7.5) was added to 2 mg plasma membrane fractions to a final
volume of 500 �l. Membrane fractions were incubated over-
night at 4 C with 6 �g of antibody to ER-� (D-12, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA). Plasma membranes
were incubated for an additional 2 h at 4 C with 20 �l protein
A agarose beads (Calbiochem, San Diego, CA). Beads were
washed twice with 1 ml immunoprecipitation buffer, and im-
munoprecipitates were eluted by boiling for 5 min in SDS
sample buffer. Samples were run on a 12% Tris-glycine SDS-
polyacrylamide gel, and proteins were transferred to polyvi-
nylidine difluoride membranes (0.2 �m pore size). Mem-
branes were treated with antibody to G�i3 (Calbiochem), and
immunoreactivity was visualized by chemiluminescence.

Immunocytochemical Detection of ER� and ER� in
GT1–7 Neurons

Immortalized GnRH neurons were plated on 25-mm glass
coverslips coated with 0.01% poly-L-lysine at a density of 5 �
104 cells. After 48 h, the culture medium was replaced with
serum- and phenol red-free 1:1 DMEM/F12 for 9 d until cell
differentiation was completed. The cells were permeabilized
with 0.3% Tween 20 added in blocking buffer for 1 h at room
temperature. The H-222 rat monoclonal antibody (1 �g/ml),
which recognizes the ligand binding domain of ER� (67), was
added for 24 h at 4 C in DPBS containing 1% purified BSA
and 0.1% Tween. Rat serum was used in the absence of
antibody as a negative control. After washing, nonspecific
binding was blocked by incubation with 5% purified BSA.
Indirect immunofluorescent analysis was performed by add-
ing fluorescent goat antirat IgG (1:1000) for 2 h at room
temperature. The cells were then rinsed and blocked, fol-
lowed by overnight incubation at 4 C with a polyclonal anti-
body to GnRH (1:1000). On d 3, after washing and blocking,
the cells were treated for 2 h at room temperature with goat
antirabbit IgG-biotin conjugate (1:1000) followed by avidin-
biotin peroxidase complex (1:350). GnRH staining was visu-
alized with a diamino-benzidine substrate kit for peroxidase
(Vector Laboratories, Inc., Burlingame, CA). To detect ER�,
the 1531 mouse monoclonal antibody (1 �g/ml), which reacts
with the ligand binding domain of ER� (provided by Dr. G. L.
Greene, the University of Chicago, Chicago, IL), was used in
the above protocol. The immunofluorescence of Texas red-
conjugated mouse IgG was analyzed by confocal microscopy
(Bio-Rad Laboratories, Inc., Hercules, CA).
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Membrane-Localized ER� and ER� in GT1–7 Neurons

The presence of membrane-associated ER� in GT1–7 neu-
rons was examined in nonpermeabilized cells treated with
either H-222 antibody or rat serum at 4 C for 45 min. After
several washes with cold DPBS and fixation with 3.7% form-
aldehyde, the cultures were washed, blocked, and incubated
with goat antirat IgG-biotin conjugate (1:1000, Vector Labo-
ratories, Inc.) and an avidin-biotin alkaline phosphatase com-
plex. ER� antigenic sites were visualized using a Vector Blue
Alkaline phosphatase substrate kit. The second staining be-
gan with H2O2 treatment before washing and incubation with
5% purified BSA in DPBS as a blocking solution, followed by
overnight treatment with a rabbit polyclonal GnRH antibody
at 4 C. On d 3, goat antirabbit IgG-biotin conjugate was
added and GnRH staining was visualized by addition of
avidin-biotin peroxidase complex followed by diamino-
benzidine substrate. Plasma membrane-localized ER� in
GT1–7 neurons were demonstrated by the same strategies
using the 1531-mouse monoclonal antibody. The immuno-
fluorescence of Texas red-conjugated mouse IgG was ana-
lyzed on a Bio-Rad confocal microscope.

Effects of E2 and Progesterone on GnRH Release from
Cultured Hypothalamic Cells and GT1–7 Neurons

The actions of estrogen and progesterone on GnRH secretion
were analyzed in both static and perifusion studies by ex-
posing cells to E2 and P4 levels characteristic of the follicular
and preovulatory phases of the 4-d rat estrous cycle. In static
cultures, follicular phase levels of E2 (2 pM) and P4 (2 nM) were
maintained by daily treatment with steroids for 4 d. Combined
follicular E2 and P4 levels were also maintained by daily
treatment for the length of one rat estrous cycle. During cyclic
treatment, cultured hypothalamic cells and GT1–7 neurons
were exposed to steroid hormone levels typical of the estrous
phase (E2, 2 pM; P4, 2 nM), diestrous I phase (E2, 6 pM; P4, 7
nM), and diestrous II phase (E2, 11 pM; P4 , 2 nM), for 24 h.
Morning proestrous phase was mimicked by treatment with
E2 (17 pM) and P4 (2 nM) for 4 h, followed by 4 h exposure to
proestrous afternoon steroid concentrations (E2, 17 pM; and
P4, 20 nM). Samples for GnRH measurement were taken in
the afternoon of the proestrous treatment. For perifusion
studies, cells were cultured on cytodex beads in steroid- and
phenol red-free medium for 24 h. The cultures were perifused
at a flow rate of 10 ml/h at 37 C for at least 1 h to establish
a stable baseline before treatment with steroid concentra-
tions typical for a specific phase of rat estrous cycle. The cells
were then perifused for 4 h with the corresponding steroid
concentrations, and samples for GnRH measurement were
collected at 5-min intervals and stored at �20 C before RIA
using 125I-labeled GnRH, GnRH standards, and primary an-
tibody donated by Dr. V. D. Ramirez (University of Illinois,
Urbana, IL). The intra- and interassay coefficients of variation
at 50% binding in standard samples (15 pg/ml) were 5% and
7%, respectively. GnRH pulses were identified and their pa-
rameters were determined by algorithm cluster analysis. In-
dividual point and SD values were calculated using a power
function variance model from the experimental duplicates. A
2 � 2 cluster configuration and a t statistic of 2 for the
upstroke and downstroke were used to maintain false-posi-
tive and false-negative error rates below 10%. The statistical
significance of the pulse parameters was tested by one-way
ANOVA (68). In static experiments, statistical differences for
cAMP production and GnRH release were tested by one-way
ANOVA.

Measurement of cAMP Production in Hypothalamic
Cells and GT1–7 Neurons

Fetal hypothalamic cells and GT1–7 neurons were grown in
24-well cell culture plates at densities of 2 � 106 cells per

well and 5 � 105 cells per well, respectively, in 1:1 DMEM/
F12 with 10% heat-inactivated fetal bovine serum. Forty-
eight hours before the experiments were initiated, media
were changed to serum- and phenol red-free DMEM/F12
and the cells were treated with steroids, ICI 182,780,
or pertussis toxin in the presence of 1 mM 3-isobutyl-1-
methylxanthine (IBMX). The reaction was stopped and in-
tracellular cAMP was extracted by ice-cold ethanol, fol-
lowed by evaporation and reconstitution of samples in PBS
containing 1 mM IBMX. For measurement of cAMP produc-
tion, cells were washed twice with TE buffer (Tris-HCl
10 mM, EDTA 1 mM, 10 �g/ml aprotinin, 10 �g/ml leupep-
tin, pH 7.4), removed from the plates by scraping, and
lysed by freeze thawing. After centrifugation at 1,000 � g
for 5 min at 4 C, the supernatant was recovered and
centrifuged at 200,000 � g at 2 C for 30 min. The resulting
pellets were frozen on dry ice and kept at �70 C. Mem-
brane cAMP production was measured in assay buffer
containing 20 mM Tris/HCl, 10 mM MgCl, 2 mM CaCl2, 1 mM

IBMX, 20 mM creatine phosphate, 0.1 mM ATP, 10 U/ml
creatine phosphate kinase, at 37 C for 5 min. RIA of cAMP
was performed as previously described using a specific
cAMP antiserum at a final titer of 1:5,000 (69). This assay
shows no cross-reaction with cGMP, 2�,3�-cAMP, ADP,
GDP, CTP, or IBMX.

Materials

[125I]GnRH (2200 Ci/mmol), [125I]E2 (2000 Ci/mmol), and
[3H]E2 (70 Ci/mmol) were obtained from Amersham Pharma-
cia Biotech (Arlington Heights, IL); collagenase (149 U/mg)
was from Worthington Biochemical Corp. (Freehold, NJ);
Dnase I, trypsin, bacitracin, IBMX, BSA, CTP, GDP, cGMP,
2�,3�-cAMP, DMEM/F12 without phenol red, pertussis toxin,
E2, E2-6(o-carboxy-methyl)oxime-BSA conjugate containing
32 mol of E2 per mol of BSA, progesterone, triamcinolone
acetonide, and forskolin were procured from Sigma Chemical
Co. (St. Louis, MO); ICI 182,780 was obtained from Tocris
Cookson Inc. (UK); cytodex beads were from Pharmacia
Biotech (Piscataway, NJ); DMEM/F12 1:1 powder, eLON-
Gase amplification system, SuperScript preamplification sys-
tem, and Ready-Load 100-bp DNA ladder were from Life
Technologies, Inc. (Gaithersburg, MD); QIAEX II gel extraction
kit was obtained from QIAGEN (Valencia, CA); the perifusion
system was from Acusyst-S Cellex Biosciences (Minneapolis,
MN); GnRH was obtained from Peninsula Laboratories, Inc.
(Belmont, CA); [125I]cAMP was purchased from Covance
Laboratories, Inc. (Vienna, VA), and protein assay was from
Pierce Chemical Co. Other reagents, if not specified, were
obtained from Sigma Chemical Co. A rat monoclonal anti-
body (H-222) that recognizes the ligand-binding domain of
ER� and mouse monoclonal ER� antibody (1531) were gen-
erously provided by Dr. G. L. Greene, (The University of
Chicago, Chicago, IL). Goat antimouse IgG (Fab) labeled with
Cy5 was from Jackson ImmunoResearch Laboratories, Inc.
(West Grove, PA). Rabbit polyclonal anti-GnRH serum was
generously provided by Dr. V. D. Ramirez (University of Illi-
nois, Urbana, IL).
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